Using sea surface salinity (SSS) from the Soil Moisture Active Passive (SMAP) mission from September 2015 to August 2016, the spatial distribution and seasonal variation in SSS in the Chinese coastal seas were investigated. First, in situ salinity observation over Chinese East Sea was used to validate SMAP observation. Then, the SSS signature of the Yangtze River fresh water was analyzed using SMAP data and the river discharge data. The SSS around the Yangtze River estuary in the Chinese East Sea, the Bohai Sea and the Yellow Sea is significantly lower than that of the open ocean. The SSS of Chinese coastal seas shows significant seasonal variation, and the seasonal variation in the adjacent waters of the Yangtze River estuary is the most obvious, followed by that of the Pearl River estuary. The minimum value of SSS appears in summer while maximum in winter. The root-mean-squared difference of daily SSS between SMAP observation and in situ observation is around 3 psu in both summer and winter, which is much lower than the annual range of SSS variation. The path of fresh water from SMAP and in situ observation is consistent during summer time.
Introduction
Sea surface salinity (SSS) is one of the most important variables in describing the basic state of the ocean and can also be considered a proxy for the impact of the hydrologic cycle or the flux of freshwater across the air-sea interface [1] . The areas of low SSS tend to be regions where precipitation is a dominant process with a net transport of freshwater from the atmosphere to the ocean [2] . The observation of SSS can enhance the understanding of the global water cycle. SSS is also an important tracer of the water mass.
Field observation and satellite remote sensing are two main methods to obtain SSS data (e.g., [3] [4] ). Field observation is extensively used in scientific research and operational monitory of the ocean. Subrahmanyam et al. [5] used temperature and salinity profile data from Argo floats to investigate the seasonal and inter annual variations of SSS over the equatorial east India Ocean. Liu et al. [6] analyzed the influence of the wind on the extension of the Yangtze River freshwater plume northeast by using the salinity data from two zonal sections near Jeju Island. Although salinity data can be obtained from in situ observations, it cannot describe the changes of salinity at fine spatial scales due to the sparse distribution of in situ measurements. The maturity of the SSS satellite observation method provides a new way for the study of SSS. In recent years, severe satellites have been launched, such as SMOS, AQUARIUS and SMAP for observing salinity. SMOS is the first SSS satellite mission launched by the European Space Agency in 2009 (e.g., [7] [8] ). AQUARIUS is a passive/active L band microwave instrument jointly launched by NASA and Argentina Space Agency in 2011 to observe the SSS (e.g., [9] [10] [11] ). The Soil Moisture Active Passive (SMAP) satellite is the first satellite of the United States Space Agency (NASA) to detect soil moisture, which was launched on 31 January, 2015.
The L band radar and radiometer on the SMAP satellite can also observe SSS. In order to achieve larger coverage on the ground and ocean, the antenna of SMAP rotates at a speed of 14.6 cycles per minute. The orbit of the SMAP is combined with the rotation of the antenna, forming a 1000 km wide observation stripe. This large area coverage makes SMAP complete the measurement of the Earth surface every 2-3 days (e.g., [12] [13] [14] [15] ). The SSS from SMAP can also show the freshwater plume of many large rivers, such as the Amazon River, Niger River, Gangs River, Nujiang and the Mississippi River [15] . In addition, the validation of SMAP observation was conducted for various regions. For example, Fournier et al. [16] showed a general agreement of SMAP SSS with in situ SSS over the Gulf of Mexico.
SSS satellite missions provide new opportunity to study SSS variation and their potential applications in terms of ocean monitoring and forecasting need to be explored, especially in coastal regions where the riverine freshwater discharge plays a significant role in oceanic processes and in situ salinity observation is often sparse in space. In present research, the SSS observation from SMAP mission is used to study SSS variation in Chinese coastal seas. Section 2 presents the data we used. Section 3 validates SMAP observation using in situ observation and analyzes SSS variability on seasonal and sub-seasonal time scales. Section 4 summarizes our results.
Data and methodology
The SSS product is obtained from NASA SMAP mission. A gridded product by blending original observation from 7 days is used in our analysis, which has a spatial resolution of 0.25 and a temporal resolution of 1 day. We used the gridded product from September 1, 2015 to August 31, 2016.
The in situ salinity measurements are from "Rongjiang No.1" research vessel. The field campaigns include a winter one from December 20 to 30, 2015 and a summer one from August 3 to 13, 2016. The sea-bird SBE conductivity, temperature, and depth (CTD) was used for all measurements. For each station, the CTD instrument was put in the water for 3-5 min and descends with a speed of 1 m/s. The procedure was repeated 1-2 times to get measurements. In our analysis, we found there are some spurious measurements and our quality control procedure includes two steps. The first step is to remove all the data that have pressure less than 0.
The second step is to remove all data that are outside the three standard deviations of the mean.
The Yangtze River Datong hydrological station is located in the Meilong town of Chizhou, Anhui province. The station was built in the early twentieth century and is the upper boundary of the ocean tidal influence. This station has long-term observation data in the lower reaches of the Yangtze River basin. For the discharge data, we also selected data from September 2015 to August 2016.
Results

Validation
The daily gridded SSS observation from SMAP was first validated against in situ observation from two field campaigns around Yangtze River estuary. Though there is large bias of SMAP SSS observation during the winter of 2015, it is encouraging to note the similarity between SSS spatial distribution from SMAP (Figure 2a ) and in situ measurement (Figure 2b ). For instance, gradual increase of SSS from around 29-31 psu along 32°N is visible in both SMAP and in situ SSS observation. Figure 2c and d presents the distribution of SMAP and in situ CTD observation for the summer of 2016. The major feature in both SMAP and in situ SSS observation is the northeastward extension of Yangtze River freshwater plume, similar to the observations of Kim et al. [17] and Xuan et al. [18] .
Though the errors in SMAP SSS observation are as large as 3 psu, it is encouraging to note that the SMAP SSS observation has great potential to monitor the spreading of freshwater plume from the Yangtze River. 
Mean and range of SSS
Because of the sparseness of in situ observations, the fine spatial structure of SSS is poorly known over most coastal areas of China. However, the SMAP data (Figure 3a) show the spatial distribution of annual averaged SSS in different coastal areas of China. Due to the influence of discharge, the annual averaged SSS over Bohai Sea, Yellow Sea, and Yangtze River estuary are lower than other regions. The minimum value of SSS is about 25 psu around the Yangtze River estuary. The averaged SSS over South China Sea (SCS) is 33-34 psu, significantly higher than that of the Yellow Sea, Bohai Sea and Yangtze River estuary. However, the SSS over the SCS is lower than that of the Pacific Ocean. As seen from Figure 3a , the SSS gradient is large between the west and east side of the Luzon strait. Another feature is that the SSS is significantly decreased from the near coastal region to the outer sea.
In order to further illustrate the variability of SSS over the Chinese coastal regions, we calculated the differences of the maximum and the minimum values of SSS at each grid point (Figure 3b) . The range of SSS changes is about 16 psu during 1 year. The Yangtze River estuary is associated
with the large values while the amplitude of SSS decreases from the estuary to the outer sea.
The influence of the Yangtze River is obvious in the spatial distribution of SSS range, with a belt of large SSS range extending northeastward from the Yangtze River estuary to Jeju Island.
Seasonal variation
The SSS of Chinese coastal seas experiences large seasonal variability. In Figure 4a -d, the low value SSS region over the Chinese coastal seas gradually retreats to the Bohai Sea from September 2015 to December 2015 and gradually invades the coastal regions from January 2016 to July 2016 (Figure 4e-k) . The SSS reaches the minimum in July 2016 (Figure 4k) , mainly due to the increasing precipitation over the Yangtze River basin from winter to summer. The Pearl River, which is the largest river in South China, also causes large SSS variability in coastal region. The SSS varies from 32 to 33 psu over Pearl River estuary from September 2015 to October 2015 (Figure 4a, b) , and the SSS value decreases gradually from April 2016 to July 2016 (Figure 4h-k) . Generally, the SSS of the Yangtze River estuary and the Pearl River estuary are relatively higher in winter and lower in summer, which reflects that the SSS variation in Chinese coastal seas is influenced by the precipitation and freshwater discharge.
To analyze the relationship of SSS change and hydrological cycle, the mean SSS from 32°N to 33°N, 122°E to 124°E is used as an index to represent SSS in the Yangtze River estuary. Overall, the time evolution of the mean SSS and discharge in Yangtze River estuary is opposite.
Large discharge value corresponds to the low salinity, and the small discharge corresponds to the high salinity. The correlation coefficient between them is −0.91, which is significant at 99% confidence level. The above mentioned analysis indicates the potential of using SSS observation to infer the change of discharge for remote areas where the discharge observation is not available.
From Figure 4a -l, we can see that besides the Yangtze River estuary, SSS also shows a clear seasonal variation in the Pearl River estuary, but its variation is smaller than that in the Yangtze River estuary.
Rainy season usually appears in South China from April to May every year and ends around
October. Figure 6a shows the time series of discharge from the Pearl River [19] . The discharge of the Pearl River is high in spring and in summer. The amount of discharge of Pearl River from April to September accounted for 79% of the total discharge of entire year while it is relatively small in winter, resulting in the seasonal variation of SSS. Figure 6b -g shows the evolution of SSS every 2 months from September 2015 to July 2016 over Pearl River estuary. It is obvious that the SSS over Pearl River estuary reaches the maximum in winter and the minimum in summer. The SSS in the coastal areas is lower than that of the outer sea.
Path of Yangtze River freshwater
Because of its high spatial and temporal resolution, SMAP observation can depict the diffusion and advection path of freshwater plume in the Yangtze River estuary very well. We can see that the Yangtze River plume spreads from near coastal region to the outer sea. The most obvious feature is that there is a clear trend of spreading to the northeast from May to July in 2016. By August, the trend of spreading to the northeast has weakened (Figure 4) . In order to analyze the spreading of Yangtze River freshwater in summer, we showed the SSS distribution map of 15th and 30th of May, June, July in 2016 (Figure 7a-f) . It can be seen that since May, the areas affected by Yangtze River freshwater become larger increasingly and the area of low salinity extends northeastward gradually. During the winter, there is a completely different diffusion path for the Yangtze River The unit of salinity is psu. The unit for discharge is m freshwater. Figure 7g -l shows the distribution of SSS for every 15 days from December of 2015 to February of 2016. We found that the southward diffusion of freshwater plume is weak, the SSS decreasing from 30°N to the South China coastal area and reaching the minimum value. The diffusion is presumably associated with the north wind in winter. Compared with the summer, the scope of the Yangtze River freshwater diffusion is much weaker during winter time.
In addition, Figure 7g -l shows that the SSS in the near coastal area 20-34°N, 112-126°E is high at north and south part while low over the Yangtze River estuary. The Yangtze River has a small discharge in winter ( Figure 5) . It flows out of the Yangtze River mouth and spreads to the south near the coastal area and it does not exceed 70 km in the range of 27-31°N. Due to the increasing measurement error of satellite in the near coastal region, the chance of missing data is increased. The diffusion of the Yangtze River freshwater to the south is not as clear as its diffusion to the north. But the phenomenon can be seen from the SMAP data. For example, a low salinity belt can be observed along the coastal area near 30-24°N.
Comparing the diffusion of Yangtze River freshwater in summer and winter, it is obvious that the discharge of Yangtze River is larger in summer than that in winter. The range of diffusion to the northeast direction is far greater than that to the south direction. In addition to the influence of the discharge, the wind is also an important factor. Affected by the monsoon, southerly winds prevail in summer, the Yangtze River discharge flows to the north, while northerly winds reign in winter, and the Yangtze River discharge flows to the south. 
Summary
The spatial characteristics and temporal evolution of SSS over the Chinese coastal seas from SMAP data are analyzed in this paper. The results show that the SSS of Chinese coastal seas including the adjacent area of the Yangtze River and Bohai is lower than that of the outer sea. The SSS has obvious seasonal cycle, especially over the Yangtze River estuary. The annual amplitude of SSS change is more than 16 psu with the minimum appearing in summer and the maximum in winter. The SSS over the Pearl River estuary also shows seasonal changes although the change of SSS is relatively small due to the weaker discharge of the Pearl River than that of the Yangtze River. The comparison of SSS from SMAP against in situ observation indicates a RMSD between them is about 3 psu. However, it is encouraging to note that the SSS from SMAP mission can depict the spreading of freshwater plume from the Yangtze River, especially during summer time.
The SSS over Yangtze River estuary is negatively correlated with the discharge. Due to the influence of discharge, the SSS in the Pearl River estuary also shows similar results. However, the SSS difference between summer and winter is smaller than that of Yangtze River estuary.
Salinity observation from satellites is an import supplement to in situ salinity observation. It can be used to monitor the diffusion of freshwater discharge in the coastal seas and the realtime prediction of the marine condition.
